ABSTRACT
INTRODUCTION
oneidensis MR-1, e.g. glucosylation, putrescinylation, and glutamylation [36, 115 37] . The nature of these putative modifications could not be determined in this 116 study, but represent an interesting avenue for future investigation. 117
Next we analyzed the local sequence context of these N6mA bases to 118 determine if they were located within specific sequence motifs. We identified two 119 palindromic motifs (GATC and ATCGAT) and three bipartite motifs (GCAN 4 GTC / 120 GACN 4 TGC, TACN 6 GTNGT / ACNACN 6 GTA, and TGAYN 6 TGAC / 121 GTCAN 6 RTCA) enriched with N6mA bases (methylated bases are underlined). 122
Over 99% of all N6mA residues could be assigned to one of these five sequence 123 motifs, suggesting that methylation was performed by DNA methyltransferases 124 targeting specific DNA sequences. Genome annotations of S. oneidensis MR-1 125 predicted three Type I RM systems with unknown target sequences [34] . The 126 discovery of three bipartite motifs is consistent with Type I R-M systems [38] , but 127 the specific motif sequences we detected were novel R-M targets. The two 128 methylated palindromes GATC and ATCGAT were also predicted in restriction 129 enzyme database REBASE (http://rebase.neb.com/rebase/rebase.html) based 130 on sequence homology to methylases with known targets [35] . However, S. 131 oneidensis MR-1 has four putative Type II methyltransferases, which is more 132 than the number of methylated motifs detected once the three Type-I-like 133 bipartite motifs were excluded. All putative methyltransferases were expressed 134 under these growth conditions, suggesting either redundancy among the 135 methyltransferases in targeted motifs or possible misannotation of some genes. 136 on July 13, 2017 by guest http://jb.asm.org/
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To identify the specific target of each methyltransferase, we performed 137 SMRT sequencing on methyltransferase transposon mutants. In these tests, a 138 target motif was assigned to a predicted methyltransferase if the motif was not 139 methylated in the transposon mutant. For example, the sequence motif ATCGAT 140 was no longer methylated in a mutant lacking putative methyltransferase 141 SOA0004, thus indicating the target of this methyltransferase. The three bipartite 142 motifs were also clearly assigned to the three predicted Type I 143 methyltransferases using this approach (Table 2 ). However, the protein(s) 144
targeting GATC could not be identified unequivocally because this motif was 145 always methylated in the individual transposon mutants. Interestingly, we were 146 unable to generate a viable transposon mutant for predicted methyltransferase 147 SO_0289, suggesting this gene maybe required for viability. Two of the putative 148 methyltransferases show homology to dam (SO_0289 & SO_0690) and were 149 suspected to target GATC (Table 2) . Gene SO_3004 does not show strong 150 homology to dam, but was also predicted in REBASE to target GATC. Thus, it 151 appears that S. oneidensis MR-1 may use multiple genes to methylate 152 GATC. Similar redundancies have been observed in E. coli, which has three 153 separate enzymes that methylate GATC [3, 22] . In addition, some strains of 154 Table 3 ). The potential redundancy of GATC-targeting methyltransferases and 156 the lack of corresponding restriction enzymes suggest that S. oneidensis MR-1
Salmonella enterica may have up to five copies of dam genes (Supplementary 155
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To examine the efficiency of methyltransferases in S. oneidensis MR-1, 159
we determined the methylation state for each instance of the five sequence 160 motifs throughout the genome. After excluding 418 motif locations with low 161 sequence coverage, we found that 99.2% of the remaining 21,118 motif locations 162 were methylated on both strands in all three replicates. The degree of 163 methylation varied by motif from as low as 96.9% to greater than 99.9% ( Table  164 1). Interestingly, 5 sites were confidently hemi-methylated, i.e. methylated on 165 only one strand, in all three replicates, whereas 8 sites were not methylated on 166 either strand (Supplementary Table 2 ). Five of the non-methylated sites were in 167
Type I R-M motifs, two were located in GATC motifs, and one was found in an 168
ATCGAT motif (Table 1; Supplementary Table 2) . Non-methylated and hemi-169 methylated sites have been detected in other bacteria [8, 20, 22, 23, 39, 40] , and 170 these sites are often protected from methyltransferases by DNA binding proteins. 171
Changes in DNA methylation can impact gene expression levels by 172 altering the binding affinity of regulatory proteins. For example, the binding of 173 leucine responsive protein (Lrp), which regulates expression levels of the pap 174 operon in E. coli, is controlled by methylation state of two GATC sites in the Lrp 175 binding site [8, 41] . In S. oneidensis MR-1, GATC motifs are commonly found in 176 the binding sites for transcription factors Crp and Fnr [32] . Indeed, 64 of the 174 177
Crp binding sites and 21 of 30 Fnr binding sites have one or more Type II motif 178 (Table 3 ). This enrichment of GATC motifs in transcription factor binding sites 179 aerobic and anaerobic conditions (51 up-regulated, 48 down-regulated) (Fig 2;  195 
Supplementary Tables 4&5). 196
We did not observe widespread changes in methylation in cultures 197 growing under different conditions. However, reproducible differences in 198 methylation state were observed at 8 sites (Table 4, Supplementary Table 2) . Of 199 these sites, 5 were GATC motifs located within intergenic regions. One of these 200 GATC sites (genome position 4,061,174) was located within the binding site of a 201 ferric uptake regulator protein (Fur) transcription factor (Table 4) Table  207 4). Finally, a differentially methylated GATC motif was detected 215 bp upstream 208 of argC (SO_0275), a gene involved in arginine synthesis. The expression of 209 argC and four other genes in the same operon was repressed when cultures 210 were transferred from minimal media lacking arginine into rich media containing 211 arginine (Supplementary Table 4 ). The latter two cases were suggestive of a 212 possible connection between DNA methylation and gene expression, although 213 the nature of the connection remains unclear. That is, did changes in 214 methylation state influence expression levels, or did binding of regulatory 215 proteins inadvertently protect these sites from methylation? Establishing a direct 216 causal link was not possible with the current dataset and will require additional 217 future investigations. 218
While these methylation dynamics are intriguing, it is clear that 219 widespread changes in gene expression were not accompanied by equally 220 widespread changes in DNA methylation (Figure 2) . Nor was there an obvious 221 relationship between methylation at known transcription factor binding sites and 222 expression. For example, 69 Crp-regulated genes were differentially expressed 223 when cultures were transferred from minimal media to rich media, but none of the 224
Crp binding sites were differentially methylated ( Table 3 ). Genome reduction, 321 including loss of regulatory elements, is a common feature of endosymbionts 322
[57], and it appears both dam and seqA were lost during these reductions. 323
Glaciecola nitratireducens FR1064 is not an endosymbiont, but its genome is 324 >1Mbp smaller than the two other sequenced members of the genus Glaciecola 325 Gammaproteobacteria. Our more comprehensive analysis generally agrees with 331 this earlier report, although it would be more appropriate to discuss a 332 "seqA/GATC-oriC clade" since dam and mutH were not exclusive to one clade of 333
Gammaproteobacteria (Figure 4). 334
The development of epigenetic regulation of genome replication appears 335 to be a key evolutionary event within the Gammaproteobacteria. The 336 phylogenetic pattern of dam, seqA, and GATC enrichment at the origin indicates 337 this mechanism for regulating chromosome replication via DNA methylation was 338 acquired and maintained by more recent lineages, not lost by the more basal 339 groups within the clade. Moreover, this mechanism has been maintained 340 throughout the evolution of multiple families, even as these groups have 341 diversified and expanded into a wide range of different aquatic, terrestrial, and 342 host-associated environments. Dam has even become essential for viability of 343 some Gammaproteobacteria such as S. oneidensis MR-1 (this study), Vibrio 344 cholerae, and Yersina pseudotuberculosis [54] . The maintenance of dam, seqA, 345
and GATC enrichment at oriC throughout their evolutionary history suggests 346 many Gammaproteobacteria, regardless of their environment, experience strong 347 selective pressure to synchronize genome replication with cell division, and that 348 sequencing will dramatically expand our understanding of DNA methylation in 367 these understudied clades. Large scale surveys of diverse microbial groups 368 using SMRT sequencing will help provide new insights into the scope and variety 369 of DNA methylation in various phylogenetic groups, whereas analyses of wild-370 type and knockout mutants will help uncover and experimentally verify the 371 functional roles methylation. 372
373
METHODS AND MATERIALS 374
Strains, culture conditions, and nucleic acid isolation 375
S. oneidensis MR-1 was obtained from the American Type Culture 376
Collection (catalog number 700550). The aerobic minimal media contained per 377 liter: 1.5 g NH 4 Cl, 0.1 g KCl, 1.75 g NaCl, 0.61 g MgCl 2 -6H 2 0, 0.6 g NaH 2 PO 4 , 30 378 mM PIPES buffer, 20 mM DL-lactate, Wolfe's vitamins, and Wolfe's minerals 379 (pH7). Fumarate was added as an electron acceptor to anaerobic minimal media 380 (30mM final conc.). Anaerobic minimal media experiments were set up in an 381 anaerobic chamber (Coy) with a gas mix of 5% H 2 , 10% CO 2 , and 85% N 2, and 382 DNA methylation patterns were also determined in mutant strains whose 398 putative methyltransferases were inactivated by transposon insertions [33] . DNA 399 from transposon mutants was collected from stationary phase cultures growing in 400 aerobic minimal media (OD600 of ~0.80). All mutants grew to the same density 401 and did not display any substantial growth differences from wild-type. 402
403
DNA methylation detection 404
Libraries of replicate of wild-type S. oneidensis MR-1 cultures were 405 prepared for SMRT sequencing using a library construction protocol described 406 previously [59] . These libraries were sequenced to a mean genome coverage 407 depth of 118-222X on the Pacific Biosciences RS instrument using C2 chemistry. 408
One replicate grown in anaerobic minimal media was excluded from further 409 analysis due to poor coverage (<70X [65, 66] . For the small 440 number of genomes missing from DoriC, the origin was found using Ori-Finder 441 (http://tubic.tju.edu.cn/Ori-Finder) [67] . The origin of replication was considered 442 to be enriched in GATC motifs if the observed number of motifs with the origin 443 was significantly greater than would be expected if GATC motifs were uniformly 444 distributed throughout the genome (i.e. the total number of GATC sites divided by 445 genome size). Significance was calculated using a binomial test with a p-value 446 threshold of 0.01. 447
In four of the genomes examined, we found that the origin annotated in 448 DoriC was not enriched for GATC despite the presence of dam and seqA. The 449 annotated origins shared the following characteristics: 1) the origin was predicted 450 by in silico analysis, which considers both dnaA and gidA to be "indicator genes" 451 of the origin; 2) the proposed origin was located upstream of dnaA, whereas the 452 predicted origin in other closely related strains was located upstream of gidA; and 453
3) the region upstream of gidA was significantly enriched with GATC motifs. This 454 suggested the apparent anomalies were due to misannotation of the origin or 455 replication. The origin was re-defined around gidA in these cases. Table 1 . Sequence motifs containing N6mA modifications (underlined bases) in S. oneidensis MR-1 grown aerobically on minimal media. The total number of motifs and their their location in either coding (CDS) or intergenic regions was determined. The methylation state of motifs with <25X coverage could not be confidently determined and were excluded from these counts. 'Methylated' motifs were modified on both strands, while 'Hemi' motifs were modified on only one strand. Motifs with disagreements among replicates were in 'Conflict'. The percentage of total motifs methylated is indicated in ()'s. Methylated bases occurring simultaneously in two motifs were counted towards each motif, e.g. the 225 instances of the methylated sequence ATCGATC were included in the tallies of both GATC and ATCGAT motifs. Table 4 . Genomic context of motifs with differences in methylation state among conditions. Left and right flanking genes, as well as their orientation, are provided for motifs found within intergenic regions. Motifs were down stream of a left flanking gene if the arrow points to the left, and down stream of right flanking genes of the arrow points to the right. "P" indicates motif located in the plasmid, while * indicated motif in a Fur transcription factor binding site. S he w an el la sp . W Sa lmo ne lla en ter ica 
Methylation state
• ○ • ← SO_0274 - SO_0275 → 1642124/1642125 GATC - ○ • ← SO_1563 - SO_1565 → 3823765/3823766 GATC ○ • ○ ← SO_3669 - SO_3670 → 3823792/3823793 GATC ○ • ○ ← SO_3669 - SO_3670 → 4061174/4061175* GATC - • ○ ← SO_3914 - SO_3915 → 1965318/1965324 GCAN 4 GTC / GACN 4 TGC ◒ • • → SO_1871 - SO_1872 ← 938801/938809 TGAYN 6 TGAC / GTCAN 6 RTCA ○ • • - SO_0912 - 160490/160498 P TGAYN 6 TGAC / GTCAN 6 RTCA ◒ - • - SO_A0172 - • = methylated ○ = non-methylated ◒ = hemi-methylated
